In periodic bimanual movements, anti-phase-coordinated patterns often change into in-phase patterns suddenly and involuntarily. Because behavior in the initial period of a sequence of cycles often does not show any obvious errors, it is difficult to predict subsequent movement errors in the later period of the cyclical sequence. Here, we evaluated performance in the later period of the cyclical sequence of bimanual periodic movements using human brain activity measured with functional magnetic resonance imaging as well as using initial movement features. Eighteen subjects performed a 30 s bimanual finger-tapping task. We calculated differences in initiationlocked transient brain activity between antiphase and in-phase tapping conditions. Correlation analysis revealed that the difference in the anterior putamen activity during antiphase compared within-phase tapping conditions was strongly correlated with future instability as measured by the mean absolute deviation of the left-hand intertap interval during antiphase movements relative to in-phase movements (r ϭ 0.81). Among the initial movement features we measured, only the number of taps to establish the antiphase movement pattern exhibited a significant correlation. However, the correlation efficient of 0.60 was not high enough to predict the characteristics of subsequent movement. There was no significant correlation between putamen activity and initial movement features. It is likely that initiating unskilled difficult movements requires increased anterior putamen activity, and this activity increase may facilitate the initiation of movement via the basal ganglia-thalamocortical circuit. Our results suggest that initiation-locked transient activity of the anterior putamen can be used to predict future motor performance.
Introduction
It is currently unclear whether brain activity signals can be used to predict future errors in ongoing periodic movements. Several recent studies using functional magnetic resonance imaging (fMRI) reported that brain activity can predict discrete task performance, including simple reaction time (RT) (Weissman et al., 2006) and flanker tasks (Eichele et al., 2008) . However, no studies have successfully predicted future errors in ongoing periodic movements. The periodic bimanual coordination task comprises two typical modes with different levels of stability, including the in-phase and antiphase modes (Yamanishi et al., 1980; Kelso, 1984) , making it ideal for studying sudden and unpredictable human movement error. The antiphase mode, which requires the simultaneous activation of nonhomologous muscle groups [i.e., "bimanual parallel" (BP)] (see Fig. 1a , bottom), is less stable than the in-phase mode, which requires the activation of homologous muscle groups [i.e., "bimanual mirror" (BM)] (see Fig. 1a , top) (Kelso, 1984) . For the same movement frequency, antiphase movement is typically more variable than in-phase movement (Kelso, 1984) . This feature maps onto a theoretical model (Haken et al., 1985; Kelso, 2010) . The difference in stability between the two modes has been explained in terms of the tendency toward coactivation of homologous muscle groups (Kelso, 1984) or a preference for perceptual symmetry (Mechsner et al., 2001) . The difference in stability between the two modes can induce spontaneous phase transitions from the antiphase to the in-phase mode (Kelso, 1984) even when attempting to maintain an antiphase movement pattern, although the intentional component can stabilize an otherwise unstable antiphase pattern to some degree (Scholz and Kelso, 1990; Kelso, 1995; De Luca et al., 2010) . In addition to the intentional component, the stability of antiphase movements also depends on learning (Temprado et al., 2002) , perceptual bias (Mechsner et al., 2001) , attention (Monno et al., 2000) , and neural connections (Kennerley et al., 2002; Kagerer et al., 2003) . Because the probability of these sudden errors differs between subjects (see Fig. 1b ), it appears difficult to predict future movement performance from the initial period of sequence of movement cycles. In the present study, we investigated whether future performance could be predicted from initiation-locked brain activity, as well as from several initial movement features.
Several lines of evidence suggest that the basal ganglia, which include the putamen, are likely to be involved in predicting future motor performance. Putamen neurons have been reported to exhibit transient firing during the movement-initiation phase, and this neuronal activity may be related to motor programming or general attention (Kimura, 1990; Romo et al., 1992) . Previous bimanual coordination studies reported that initiating an antiphase pattern required greater transient putamen activity than initiating an in-phase pattern (Kraft et al., 2007; Aramaki et al., 2010) . However, the relationship between transient putamen activity during the initiation phase and subsequent future behavioral performance remains unclear.
We hypothesized that the magnitude of the difference in transient putamen activity during the initiation phase between modes would correlate with future movement performance, and predict the future motor performance of individual subjects.
Materials and Methods
We reused the data of Aramaki et al. (2010) , and added one subject. While Aramaki et al. (2010) focused on the difference in brain activity between the sum of right and left unimanual movement and bimanual movement at the group level, the present study focused on the relationship between behavioral performance and brain activity at the individual level.
Subjects
Eighteen healthy volunteers (age range, 25-38 years; mean age ϮSD, 29.7 Ϯ 4.01 years; 10 males, eight females) participated in the present study. All subjects were right handed (Edinburgh handedness inventory, 91 Ϯ 14). None of the subjects had a history of psychiatric or neurological illness. Three subjects were university undergraduates, and the other 15 subjects were postgraduates. Nine subjects had learned the piano for several years in their childhood. All subjects work with computers on a daily basis, so the high-frequency tapping task was not difficult, particularly in the BM condition.
The study protocol was approved by the Ethics Committee of the National Institute of Physiological Sciences, Japan. All subjects provided written informed consent before participating in the study.
Experimental task
The subjects performed a 30 s periodic, bimanual, four-finger tapping task (Kelso, 1995; p. 46) in the BM and BP modes (Fig. 1a) . We defined the BM mode as symmetrical or in-phase movement of homologous effectors, involving the synchronous tapping of both index fingers alternating periodically with the synchronous tapping of both middle fingers: for example, (_I ϫ I_), (M_ ϫ _M), (_I ϫ I_). We defined the BP mode as asymmetrical or antiphase movement resulting from the simultaneous activity of nonhomologous effectors, involving the synchronous tapping of the left middle and the right index fingers alternating periodically with synchronous tapping of the left index and the right middle fingers: for example, (M_ ϫ I_), (_I ϫ _M), (M_ ϫ I_). Subjects were instructed to restart as quickly as possible if the tapping stopped or switched to another mode.
Auditory cues were presented at 3 Hz to help subjects maintain a constant tapping frequency. We previously found that a movement frequency of 3 Hz is appropriate for observing individual differences in this task (Aramaki et al., 2006) . Two USB MRI-compatible 10-key pads (TK-UYGT, ELECOM) were used to record finger taps. For righthanded finger taps, the keys "1" (for the index finger) and "3" (for the middle finger) of a 10-key pad were used. For the left hand, the keys "7" (for the index finger) and "9" (for the middle finger) of another 10-key pad were used. For each tapping mode, the fMRI session consisted of four rest epochs alternating with three 30 s task epochs. During each session, the name of the condition was visually presented once before the session began. Subjects were required to fix their gaze on the crosshair presented on the screen, so that they could not see their hands. The fixation point turned green ("go") and red ("stop") every 30 s, and the auditory cue was provided continuously throughout the scanning session. Subjects performed two sessions per condition, and the order of conditions was counterbalanced across subjects. Presentation software (Neurobehavioral Systems) was used to provide auditory cues and record the timing of the key presses at 1000 Hz. To minimize head motion, we used tight but Figure 1 . a, Bimanual tasks used in the present study. In the BP mode, subjects performed synchronous tapping of the left middle and the right index fingers, periodically alternating the synchronous tapping of the left index and right middle fingers. In the BM mode, the synchronous tapping of both index fingers alternated periodically with the synchronous tapping of both middle fingers. b, Time course of the ITI of a skilled subject (S1, left) and an unskilled subject (S2, right) in the BM (top) and the BP (bottom) modes. All six trials (red, blue, magenta, cyan, green, and orange lines) for each mode during fMRI are superimposed. Pink zone indicates the initial movement phase (first 10 taps). The yellow zone indicates the future movement phase (after tap 60). The dashed line at 333 ms corresponds to the target ITI.
comfortable foam padding placed around the subjects' heads. An LCD projector (DLA-M200L, Victor) located outside and behind the scanner projected the crosshair through another waveguide to a translucent screen, which the subjects viewed via a mirror attached to the head coil of the MRI scanner.
Data analysis
Unfortunately, we were unable to obtain right-hand tapping data from five subjects due to mechanical failure of the right-hand keypad. As such, we have partial data (13 subjects) for right-handed tapping. However, nondominant left-hand movements have been reported to fluctuate more in the BP mode than those of the dominant right hand (Semjen et al., 1995; Aramaki et al., 2006) . Thus, we calculated performance indices using left-hand tapping data for all 18 subjects and used it in the correlation analysis with brain activity. Supplementarily, however, we analyzed the right-hand tapping case using 13 subjects.
Behavioral performance data analysis
Index of future performance. We used taps after the 60th tap (ϳ10 s) as a measure of future performance, because it allowed a sufficient time difference between this period and the brain activity associated with movement initiation. If a phase transition occurs in this period, and subjects stop movement briefly to restart the task, the mean deviation of the intertap interval (ITI) from the target ITI (333 ms) would be expected to increase.
To evaluate performance, we first calculated the mean deviation of the ITI from the target ITI (333 ms) in each condition. We then calculated the ratio of the mean absolute ITI deviation of taps after the 60th tap in the BP mode to deviation in the BM mode. This ratio was used as an index of future motor performance.
Indices of initial performance. We calculated the following three indices of initial performance. (1) The BP/BM ratio of the mean absolute ITI deviation of taps during the first 10 taps was calculated. Similar to the future performance index, we calculated the ratio of mean absolute ITI deviation of the first 10 taps in the BP mode to deviation in the BM mode.
(2) The number of taps to establish a BP pattern was calculated. We evaluated this by the number of taps required to attain a given level of performance, since unskilled subjects might show longer times. We first set three intertap interval performance levels: 333 Ϯ 67 ms (20% deviations); 333 Ϯ 83 ms (25% deviations); and 330 Ϯ 100 ms (30% deviations). When subjects maintained four consecutive taps within the range, we recorded the ordinal number of the first tap among four consecutive taps as the number of taps required to attain a given performance level. (3) BP/BM RT ratio was calculated. We calculated RTs, defined as the period from cue onset to first tap. There were six RTs in each condition, because we ran two sessions of three task epochs in each session. We then calculated the ratio of mean RT in the BP mode to mean RT in the BM mode.
fMRI data acquisition and analysis
A time course series of 71 volumes was acquired in each session using T2*-weighted gradient echoplanar imaging (EPI) sequences (repetition time, 3000 ms; echo time, 30 ms; flip angle, 85°; field of view, 192 mm; voxel size, 3.0 ϫ 3.0 ϫ 3.0 mm; slice number, 44 axial slices) with a 3.0 tesla MRI scanner (Allegra, Siemens). T1-weighted images were obtained with location variables identical to those of the EPI sequences. In addition, a high-resolution structural image was acquired using a magnetizationprepared rapid acquisition in gradient echo sequence.
SPM99 software (Wellcome Department of Cognitive Neurology) was used for image processing and analysis. For each subject, after discarding the first six images of each session, the remaining 65 images were realigned to correct for head motion, spatially normalized to the T1 MNI template, mediated by the 3D high-resolution T1 image and the T1-weighted image with locations identical to the fMRI data, and resampled, resulting in 2 ϫ 2 ϫ 2 mm voxels, and smoothed spatially with an isotropic Gaussian kernel of 6 mm FWHM.
To detect movement initiation-related brain activity and movement continuation-related activity, we first decomposed brain activity into initiation-related and continuation-related activity using two regressors included in the general linear model (Aramaki et al., 2010) . Initiation of movement was expressed as a delta function, so had no duration. Continuation of movement was expressed as a boxcar function with a duration of 30 s. Each neuronal model was convolved with a hemodynamic response function.
Since we sought to identify the relationship between initiation-related brain activity and future motor performance, we generated BP Ͼ BM contrast maps of initiation-related activity for all subjects. These maps were then used in a simple correlation analysis with the future motor performance index of each subject, focusing on the anatomical region of interest (ROI; in this case, the striatum). We used a threshold of p Ͻ 0.05, corrected for multiple comparisons at the cluster level.
To view the qualitative temporal characteristics of the data, we extracted the time course of the mean signal intensity in the ROI from the smoothed images of each subject using MarsBaR (Brett et al., 2002) (http://marsbar.sourceforge.net/). We used "multi_color" software (http://www.cns.atr.jp/multi_color/) to display functional brain maps.
Results
First, we found a significant correlation between initiationlocked putamen activity and future performance. The striatum, including the putamen, was chosen as the anatomical ROI (Fig.  2a) . As predicted, the difference between initial transient activity of the anterior putamen in the BP and BM modes correlated with future motor performance, measured by the ratio of mean absolute ITI deviation for left-hand tapping after 60 taps in the BP mode to that in the BM mode (left side: local maximum ϭ Ϫ26, 2, Ϫ6; cluster size ϭ 132; p Ͻ 0.001 corrected for multiple comparisons at the cluster level; right side: local maximum ϭ 24, 8, Ϫ6; cluster size ϭ 55; p ϭ 0.004 corrected for multiple comparisons at the cluster level). Figure 2b shows the difference in initiation-related activity in all subjects between BP and BM modes in the left anterior putamen (cluster size ϭ 132), with the ratio of the mean absolute ITI deviation of left-hand tapping after 60 taps in BP divided by that in BM [r ϭ 0.814, p Ͻ 0.001 for the left side (Fig. 2b, Table 1) ; r ϭ 0.765, p Ͻ 0.001 for the right side (Table 1) ]. Similarly, left putamen activity was significantly correlated with the ratio of the mean absolute ITI deviation of the right hand tapping after 60 taps in BP divided by that in BM (r ϭ 0.649, p ϭ 0.016) ( Table 1) . Figure 2c shows the time course of the blood oxygen leveldependent signal in the left anterior putamen (cluster size ϭ 132) for S1 (skilled, left) and S2 (unskilled, right). S2 showed a significant difference in the amplitude of the peak transient putamen activity between the BP (1.01 Ϯ 0.07) and BM modes (0.52 Ϯ 0.12, p ϭ 0.008) (Fig. 2c, right) . In contrast, S1 showed no difference in peak transient activity between the two modes (BP ϭ 0.75 Ϯ 0.13; BM ϭ 0.59 Ϯ 0.06; p ϭ 0.286) (Fig. 2c, left) . Because the transient, initiation-related activity was not directly associated with performance after 60 taps (ϳ10 s), the results suggest that transient activity of the anterior putamen can predict future motor performance.
Second, we found a significant correlation between one of our initial behavioral indices and future performance (i.e., between the number of taps needed to attain the Ϯ25% deviation level in ITI performance and the BP/BM ratio of the mean absolute ITI deviation of taps after the 60th tap for left-hand tapping data) ( Table 1 ). The other initial behavioral indices were not significantly correlated with future performance (Table 1) .
None of the initial movement features we examined were significantly correlated with initiation-locked putamen activity (Table 1), though the correlation between left putamen activity and the number of taps to establish a performance level of 25% deviation for left-hand tapping data approached statistical significance (p ϭ 0.107 for left putamen; p ϭ 0.101 for right putamen).
Discussion
The current results demonstrate that initiation-related transient brain activity is useful for predicting the future stability of periodic bimanual movement. The relationship between the stability of periodic bimanual movement and brain activity has previously been studied by comparing epoch-related brain activity during in-phase and antiphase movements (Sadato et al., 1997; MeyerLindenberg et al., 2002; Aramaki et al., 2006 Aramaki et al., , 2010 Kraft et al., 2007; Müller et al., 2009 ). However, relatively few studies have focused on transient brain activity during the movement initiation or pattern-switching phases (Aramaki et al., 2006 (Aramaki et al., , 2010 Kraft et al., 2007; De Luca et al., 2010) . Our findings are consistent with previous studies reporting greater transient brain activity in the putamen during antiphase movements relative to in-phase movements (Kraft et al., 2007; Aramaki et al., 2010) . In addition, we found that initiation-related activity in the putamen significantly predicted future motor performance. Empirically, we can consider a factor to be "predictable" when the coefficient of determination (R 2 ) is Ͼ0.5, meaning that the correlation coefficient is Ͼ0.707. In this study, sufficiently high correlation coefficients were observed only between future motor performance and left putamen activity (r ϭ 0.814). Thus, we conclude that brain activity can predict future motor performance. On the other hand, among the indices of early performance measured in this study, only the number of taps to attain a performance level of 25% deviation was significantly correlated with future performance (r ϭ 0.60). However, it is difficult for this index to predict the future performance because the correlation coefficient of 0.60 only corresponds to a coefficient of determination of 0.36, which is statistically significant but not sufficiently high to be considered "predictive."
Moreover, the extent of the initiation-related activity in the putamen was correlated with future motor performance, but not with our initial motor performance indices. This lack of a significant correlation may have been due to the initial level of behavioral instability being masked to some extent by the intentional component (Scholz and Kelso, 1990; Kelso, 1995; De Luca et al., 2010) . These results suggest that initiation-related activity in the putamen includes information about the pattern stability of periodic bimanual movements, which can be described theoretically in the HKB model (Haken et al., 1985) . Thus, we successfully evaluated the risk of sudden motor error on ongoing periodic bimanual movements by monitoring initiation-related transient putamen activity.
Because the anterior putamen is connected with the prefrontal and premotor cortices, but not the primary motor cortex (Lehéricy et al., 2004), these results suggest that the transient activity of the anterior putamen is likely to be unrelated to motor output. dev_after60, BP/BM ratio of the mean absolute ITI deviation of taps after the 60th tap; dev_first10, BP/BM ratio of the mean absolute ITI deviation of taps during first 10 taps; number of taps, the number of taps needed to attain a given level (Ϯ%deviation) of inter-tap-interval performance; RT, BP/BM ratio of reaction time. *p Ͻ 0.05.
Rather, transient putamen activity may be related to motor programming (Kimura, 1990; Lewis et al., 2004; Haruno and Kawato, 2006; Kraft et al., 2007; Aramaki et al., 2010) or to more general functioning, such as attention (Romo et al., 1992) or intention (Scholz and Kelso, 1990; Kelso, 1995; De Luca et al., 2010) , implying that the functional range of this area extends beyond bimanual movements. In the basal ganglia-thalamocortical circuit, the putamen has been found to disinhibit the thalamus by inhibiting the internal globus pallidus, which facilitates cortical activity via the direct motor pathway (Alexander and Crutcher, 1990) . Dysfunction in this circuit causes difficulties in initiating movement, including hesitation associated with gait initiation in Parkinson's disease (Okuma and Yanagisawa, 2008) . Our results suggest that more difficult movements transiently activate the anterior putamen to a greater extent than less difficult movements during movement initiation. Moreover, neither the ITI deviation during the initial 10 taps nor the RT of the first tap showed a significant difference between BP and BM modes. Thus, it is likely that the greater transient activity of the anterior putamen during the BP mode facilitated the basal ganglia-thalamocortical circuit, and consequently improved initial motor performance in the BP mode. This is consistent with a recent longitudinal study of Parkinson's disease, which demonstrated that more activity in subcortical areas including the putamen was required to execute the same movement as the disease advanced (Carbon et al., 2007) .
